We describe a new approach based on pattern matching for lattice parameter measurements using convergent beam electron diffraction (CBED). Theoretical CBED patterns are calculated using the Bloch wave method. Both experimental and theoretical patterns are processed to enhance the geometric features, and then compared using correlation. By including the dynamic and thickness effects in the simulation, the method is general. It can be applied to both small and large unit cell crystals and zone-axis and off-zone axis orientations. Applications to SiC 4H and Cu 2 O show that the method is highly accurate.
Introduction
There is an increasing need for a general electron diffraction method for accurate lattice parameter measurements. In real materials there are often considerable strains associated with grain boundaries and interfaces which have large effects on the desired materials properties. Using a nanometer sized probe which is available in a field emission gun electron microscope, convergent beam electron diffraction (CBED) is the only method capable of probing these strain fields. For a slow varying strain field the column approximation applies [1] . The strain field can be mapped by measuring lattice parameters at different probe positions. Depending on the type of strain field, the number of lattice parameters to be measured is also higher than that for the perfect crystal. Accurate lattice parameters are also needed in the quantitative analysis of CBED patterns. They are often the prerequisite for the extraction of other structural information since the features of a CBED pattern are highly sensitive to lattice parameters. Lattice parameters measured using Xray methods are often averaged over the whole volume of crystals, rather than for the specific region observed in the electron microscope. They are also often available only at room temperature.
There are a number of methods developed for the measurement of lattice parameters using electron diffraction [2] [3] [4] [5] . Most of these methods are based on the kinematic approximation for diffraction geometry. The dynamic effects are either ignored or treated by perturbation [4] . It is possible to compare simulated CBED patterns with experiments by visual inspection [6] . However, this is only effective when dealing with a specific feature of CBED pattern and with limited number of parameters.
In general, Bragg's law does not apply in case of high energy electron diffraction [7, 8] . The strong multiple scattering effects make high order Laue zone (HOLZ) lines, which are used in lattice parameter measurements, shift and/or bend. For small unit cell crystals, in a sparsely populated off-zone axis orientation, such shifting or bending can be very small and the kinematic approximation can be used with a certain degree of accuracy. For large unit cell crystals, where the dense reciprocal lattice is unavoidable, the kinematic approximation fails. For example, in the case of high temperature superconductor YBaCuO with orthorhombic unit cell, we found that there is a significant loss of accuracy when the kinematic method is applied to diffraction patterns including the c-axis compared to diffraction pattern without the c-axis [4, 9] . The multiple scattering effects of high energy electron diffraction are accurately described by the Bloch wave method, as exemplified by the accurate structure factor measurements in quantitative CBED [10] . Compared to other methods for dynamic electron diffraction (for an excellent review on this subject, see [11] ), the Bloch wave method is accurate and flexible. The Bloch wave method is limited by the matrix diagonalization. The CPU time for the conventional diagonalization method is proportional to N 3 , which is formidable when N is large. It is interesting whether the methods developed for large matrices can be applied to the Bloch wave method.
A general solution to the dynamic effects of HOLZ lines is to use dynamic theory in simulations. However, an intensity comparison based on the difference between theory and experiment as used in [12] can not be applied here because the intensity is highly sensitive to many structure parameters, including structure factors, absorption coefficients, Debye-Waller factors and crystal thickness. We know that the positions of HOLZ lines are very sensitive to lattice parameters and much less sensitive to these other parameters. Thus the best solution for refining lattice parameters is to include dynamic effects and base the refinement on HOLZ line positions alone. lines can be detected using imaging processing methods developed for machine vision. Here we will describe a general method for lattice parameter measurement based on the comparison between processed experimental and theoretical dynamic diffraction patterns. Two examples of the application of this method will be given. One is the measurement of unit cell parameters a and c in the hexagonal SiC 4H polytype, and the other is for the cubic Cu 2 O.
Lattice parameter refinement
The lattice parameters are measured by finding the maximum correlation between the calculated pattern and the experimental pattern. The correlation is defined by
Both experimental and theoretical intensities are processed to enhance the line contrast. The processing is discussed in the section Line detection. The theoretical pattern is calculated using the Bloch wave method (see next section) with a number of parameters. Here p is either the unit cell parameters or high voltage, t is the specimen thickness which can be estimated from fringes in CBED pattern. Other parameters are the model potential V(r), which requires the knowledge of approximate atomic positions, and geometrical parameters such as scaling factor g, pattern orientation 0 and centre of the zone axis ( x o> yo)-Since the correlation depends on more than two parameters, the maximum correlation is best found using the optimization method. Thus the problem is similar to the refinement method used in [12] except for the additional image processing and the different goodness of fit (GOF) criteria. This suggests that the existing refinement program can be modified for this purpose.
We have developed an algorithm EXTAL (Electron XTALlography) for quantitative analysis of two-dimensional CBED patterns [13] . The simplified flowchart of the program is shown in Fig. 1 . This program is capable of dealing with multiple CBED patterns by separating structure parameters of structure factors, atomic position and Debye-Waller factors from the geometrical parameters of crystal orientation, image position, camera-length and sample thickness. Since electron diffraction patterns are generally two-dimensional due to the short wavelength of incident electrons, incorporation of multiple diffraction patterns in different projection enables the measurement of three-dimensional (3-D) parameters such as atomic positions and 3-D unit cell. The separation between structural and geometrical parameters is achieved using two optimization cycles. For each trial in the structural parameter optimization, an independent optimization is carried out for the geometrical parameters. This is repeated for each diffraction pattern included. The subroutine amoeba (based on the Simplex method [24] ) is used for optimization. Considerable computer time saving is also achieved by fixing the beam direction of the theoretical calculation and locating the corresponding ones in the two-dimensional pattern as suggested by [14] . The procedures for lattice refinements is implemented within this program.
Calculation of dynamic diffraction intensity with the Bloch wave method
A description of the Bloch wave method can be found in [8] . Briefly, the diffracted beam intensity is given by: (2) Where, the eigenvalue y and eigenvector C g are given by diagonalizing the following equation: In practice a parameter \2KS s \ max is used to distinguish strong and weak beams and is often adjusted for the best theoretical convergence [15] . The selection of beams included in a simulation is subjected to cutoff criteria of maximum g length and their perturbational strength [15, 16] . In the simulations, these criteria are varied for theoretical convergence. For lattice parameter measurements, the accuracy in the intensity is not important so that only a limited number of beams is needed. Theoretical CBED patterns are calculated in a square grid. The zone axis coordinates are used [8] . In this coordinate system (see Fig. 2 ), the incident beam K is broken into the x, y and z with z parallel to the nearest zone axis. The origin is chosen at the zone axis centre. Each grid point is specified by the beam direction (K x , K y ). The resolution is determined by the spacing of the grid. The experimental pattern is recorded digitally with a slow-scan CCD camera or on imaging plates consisting of pixels. The spacing of the theoretical grid should be comparable to the experimental one.
Line detection
A good description of the line detection can be found in [17] . The detection is based on the template matching method. Specifically, a pre-chosen nXn pattern, or a mask, is convoluted with the image. Where a part of the image matches the mask, a higher correlation coefficient is given. Some simple 3X3 masks for vertical, 45° and horizontal line detection are shown in Fig. 3 . The response of these masks to a constant image is zero. Different masks are needed to detect lines in different orientations. Each mask is applied to the image, and results from each mask are superimposed together. In a digitally recorded pattern, a line is defined by connecting pixels. There are other types of masks designed for line detection; for a comparison between the performance of these masks see [17] . We found that the semi-linear mask gives the best results. Another consideration in designing the line mask is the line width. A simple solution to this is to demagnify or magnify the image.
After applying all the line masks to the image, a threshold is applied to the processed image. A zero is set where the pixel value is smaller than the threshold and 1 if it is larger. This reduces the original image into a binary image, 1 where there is a line and 0 otherwise. The threshold depends on the amount of noise in the pattern and the strength of the line. An example of this is shown in Fig. 5b .
Experiment
All experiments described here were done using a LEO 912il energy-filtering electron microscope equipped with a Gatan model 679 slow scan CCD camera and Fuji 25 micron imaging plates. A cold stage specimen holder with liquid nitrogen cooling was used to reduce the contamination and enhance the HOLZ line contrast. The computer controlled stage had a ±45°x-tiltand ± 30°y-tilt.
Generally, for lattice parameter determination, diffraction patterns should be taken near an orientation with sufficient number of lines, and positions of those lines should be sensitive to the refined parameters. For example, when the c-axis of a hexagonal unit cell is refined, the incident beam direction should be nearly perpendicular to the c-axis. For the choice of lines, Heier suggested to use the intersection or triangle of three lines for the measurement of a cubic unit cell [3] . For these sensitive triangles, the intersecting lines come from a different part of the Laue circle, and they move relative to each other with the change of cell parameters or high voltage. The number of lines included in refinement should be sufficiently large to define the parameters uniquely. A straight line has two physical observables, the slope and intercept. Thus N lines give 2N observables. In fitting theory to experiment for CBED patterns, there are four basic geometric parameters: scaling, rotation and the origin (x,y) of zone axis centre. In addition, there are the refined cell parameters or high voltage. For a hexagonal system, if a (b = a) and c are refined, there are six parameters. This requires at least three lines. In practice, more lines are needed for sufficient averaging due to measurement errors in the observables. The difference between the number of observables and the number of parameters is called the degree of freedom, which affects the probability of obtaining the same type of fit in repeated experiments.
There are several ways to enhance the line contrast. One is energy filtering. Energy filtering generally enhances the contrast of CBED patterns by removing the inelastic background. Inelastic scattered electrons can cause broadening and shift of HOLZ lines due to slower electrons. Since CBED patterns are collected from a relatively thick crystal, HOLZ line shift due to inelastically scattered electrons may introduce a systematic error. For example, a 20 eV plasmon energy-loss may introduce 0.02% error for 100 kV electrons. With an energy window of ±5 eV, the uncertainty can be reduced to 0.005%. HOLZ line contrast can also be significantly improved by specimen cooling, which reduces the Debye-Waller effects. However, it should be known that cooling also causes the crystal to contract or expand in rare cases. Hence, experiments have to be done at temperatures where the lattice parameters are needed. The other concern is the signal to noise ratio, which affects the detection of lines with weak contrast. In the CBED zero disk, lines sit on a bright background. In these cases, the slow-scan CCD camera works well since it has a good signal to noise ratio in medium and high dose regions, and is therefore a good choice here. The broadening due to the point spread function of CCD [18] is less important here. Generally, high contrast and better signal to noise ratio mean better detection of lines by image processing.
Measurement of SiC 4H unit cell parameters
Silicon carbide (SiC) is a widely used ceramic material, with many structural and electronic applications (see i.e. [19] ). It exists in many polytypes, which differ only by the stacking sequence of close packed double layers of Si and C atoms. The 4H polytype has a hexagonal unit cell Fig. 5a using the reported X-ray lattice Average '3.080(9)" 10.082(26) P arameters is shown in Fig. 6a . The corresponding experimental part is shown in Fig. 6b . As seen from the figure, there is a significant difference between these two, indicating that the actual lattice parameters are different with a stacking sequence of ABACABAC... of the double from the reported X-ray values. Kinematic refinements layers as shown in Fig. 4 . A preliminary report of results of lattice parameters [4] were tried with different lines described here was given in [20] .
included, the results are given in Table 1 . The results The reported lattice parameters for SiC 4H at room strongly depend on the zone axis and which lines were temperature are a = 3.073 A and c = 10.053 A [21] . The included in the fit, deviation from the average is about experimental CBED pattern used for the measurement of 0.3%. This large deviation indicates a strong dynamic influence on the HOLZ line positions. The inclusion of dynamic effects is needed in this case to refine lattice parameters with better accuracy.
The dynamic refinement is carried out using the program described above. Cell parameters a and c are treated as parameters. A single diffraction pattern containing the c-axis was found to be sufficient. To save computer time, only several seleaed regions are used for comparison (see Fig. 5b ). These regions are selected for their sensitivity to the change of cell constants and geometric parameters. The relatively large distance between different regions ensures an accurate measurement of the scaling and orientation of the diffraction pattern. The maximum correlation between theory and experiment was found at a = 3.085 A and c = 10.089 A. The best fit is shown superimposed with the processed experimental pattern in Fig. 5b . For comparison, we also show the unprocessed simulated pattern with the new lattice parameter in Fig.  6c , which is nearly identical to the experiment. The result is for -165°C, but we see that the values actually are about 0.5% larger than the ones given from X-ray at room temperature. We speculate that the reason for this is that the earlier measurements were possibly influenced by the stacking faults often observed in this type of crystal.
Measurement of Cu 2 O unit cell parameter
Cu 2 O has a cubic unit cell (Pn3m) with Cu on the fee and O on the bec sublattices [21] . The reported lattice parameter a ranges from 4.267(2) A [22] to 4.2696 A [21] at room temperature. Cu 2 O has been studied extensively for the charge states of Cu [22] . The lattice parameter measurement described here is a first step in our effort of measuring the charge density of Cu 2 O using quantitative CBED [23] . The diffraction pattern used is taken near [012] zone axis using the same procedures as SiC 4H described above. The processed image is shown in Fig. 7 together with the fit. The lattice parameter was found to be a = 4.260(1) A at -165°C.
Conclusions
We have developed a new procedure for the lattice parameter measurements using CBED based on the dynamic calculation of diffraction intensity and pattern matching. Theoretical CBED patterns are calculated using the Bloch wave method. Both experimental and theoretical patterns are processed in order to enhance the geometrical features, and then compared using correlation. The method includes the dynamic and thickness effects on HOLZ line positions. It can be applied to both small and large unit cell crystals at zone-axis or off-zone axis orientations. Applications to SiC 4H and Cu 2 O show that the method has accuracy comparable to X-ray methods. We have found little distortions within the zero-disk in well-recorded CBED patterns from LEO 912 electron microscope and can be neglected in the fitting. In principle, the method described here can also be used to quantify the distortion in diffraction patterns of known crystals.
